The cumulative evidence from animal and human studies revealed that the anterior cingulate cortex (ACC) plays essential roles in pain sensation and persistent pain. It has been evident in the ACC synapses of animals that changes in both the presynaptic and postsynaptic function are caused by peripheral nerve injury. Thus far, postsynaptic changes in the ACC following nerve injury have been primarily studied to understand the mechanisms of chronic pain. In recent years, studies focusing on the presynaptic mechanisms in chronic pain have been progressively increased. In this review, I will discuss molecular mechanisms associated with chronic pain and presynaptic form of long-term potentiation. I will also discuss evidence for presynaptic changes in the ACC caused by disease-related pain.
INTRODUCTION
The anterior cingulate cortex (ACC) plays critical roles in the processing of pain information in patients and is involved in behavioral responses to tissue damages that cause pain in animals [1] [2] [3] [4] [5] [6] [7] [8] . The ACC also contributes to various cognitive processes including decision-making, attention and working memory [9, 10] . Humans and animals with persistent pain displayed poor performance in decision-making cognitive tasks [11] [12] [13] . Therefore, the understanding of the cellular and molecular mechanisms of chronic pain is very important in ameliorating the cognitive impairments.
Sensory inputs from the periphery are conveyed to the dorsal root ganglion and then to the spinal dorsal horn (SDH). The SDH neurons send ascending projection to the thalamus. Subsequently, the outputs from the thalamus synapse on the neurons in the ACC, amygdala and other cortices including the somatosensory and insular cortex [3, 5, 14, 15] [ Figure 1 ].
With regard to the synaptic mechanisms of chronic inflammatory and neuropathic pain, it has been proposed that changes in both the presynaptic and postsynaptic function play essential roles [8, 16] . To date, a number of studies have shown that tissue injury-or nerve damage-caused central sensitization, a similar phenomenon like long-term potentiation (LTP), in the ACC could contribute to the persistent pain [7, 8] . Since it has generally been believed that postsynaptic mechanisms are crucial for the LTP expression, postsynaptic changes following nerve injury in the ACC synapses have been primarily studied to understanding the mechanisms of chronic pain. In behavioral experiments using genetic and pharmacological approaches, inhibiting postsynaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptormediated synaptic plasticity is shown to be sufficient to produce analgesic effects [17] . These data indicate that postsynaptic LTP in the ACC is involved in chronic pain. Compared to studies focusing on postsynaptic mechanisms, those focusing on presynaptic mechanisms which contribute to persistent pain are relatively few. However, presynaptic changes in the ACC underlying chronic pain have been progressively elucidated in recent years. In this review, I will discuss studies regarding the molecular mechanisms that play pivotal roles in chronic pain and presynaptic form of long-term potentiation (pre-LTP) in the ACC. In addition, I discuss presynaptic changes associated with disease-related pain in the ACC.
Molecular mechanisms of presynaptic changes in the ACC following nerve injuries and inflammation
Calcium/calmodulin-stimulated adenylyl cyclase Cyclic adenosine monophosphate (cAMP) is a nucleotide that acts as a key second messenger in a number of physiological functions including chronic pain, learning and memory, emotional fear and drug abuse [18, 19] . The adenylyl cyclase (AC) is the important enzyme that converts ATP to cAMP. The AC family is composed of nine membrane-bound isoforms (AC1-9) and one soluble isoform (sAC). These isoforms are differentially distributed in the body, and each AC isoform has distinct physiological functions [20] . Among AC1-9 and sAC, AC1 and AC8 are the key AC isoforms that respond positively to calcium-calmodulin [20] . AC1 is 4 to 5 times more sensitive to an increase in calcium concentration than AC8. It has been shown that AC1 is abundantly expressed in the mouse ACC neurons [21] . We have previously demonstrated that deletion of AC1 and AC8 genes significantly reduced pain sensitization in mice with chronic inflammatory pain [22] and in those with chronic neuropathic pain [16, 21] . In ACC synapses of mice with inflammatory pain, the enhancement of presynaptic transmitter release was suppressed by inhibition of AC1 and/or AC8 [22] . Thus, presynaptic AC1 and/or AC8 could be the key molecules that contribute to the enhancement of both the probability of transmitter release and the number of available vesicles in response to inflammatory pain. Subsequently, AC1 and/or AC8 would activate protein kinase A (PKA) and then phosphorylate cAMP response element binding protein [21] . In addition, we have shown that AC1 plays essential roles in both the presynaptic and postsynaptic changes in ACC synapses in the mouse spinal nerve ligation model of neuropathic pain [16] . An aplysia octopamine receptor (Ap oa1) is G protein-coupled and selectively activates cAMP/PKA pathway [23] . By using transgenic mice heterologously expressing Ap oa1, we have previously examined whether and how cAMP in the ACC synapses is involved in the presynaptic modulation of neurotransmitter release. We found that the activation of Ap oa1 by octopamine augmented glutamatergic synaptic transmission in the ACC synapses [24] . Also, behavioral responses to inflammatory pain were apparently facilitated by bilateral microinjection of octopamine into the ACC [24] . These findings provide the evidence that the presynaptic modulation by cAMP contributes to chronic pain caused by peripheral inflammation. Therefore, AC1 may be potential therapeutic targets for treatment of chronic pain. Indeed, intraperitoneal or oral application of NB001, an AC1 inhibitor, reduced pain sensitivity in neuropathic pain mice without no apparent side effects [25, 26] .
Inflammation-related factors
Tumor necrosis factor alpha (TNF-α) is a potent prototypic inflammatory cytokine and is produced by a wide variety of cells including neuronal and glial cells [27, 28] . TNF-α increases glutamatergic synaptic transmission by inhibiting glutamate transporters expressed in glial cells and/or by increasing the surface expression of AMPA and N-methyl-d-aspartate (NMDA) receptors [29] . In addition, TNF-α is known to serve as a trigger for other cytokines in response to inflammation or injury. There is a large number of evidence that TNF-α is responsible for the development and maintenance of chronic inflammatory and neuropathic pain [30] . A previous finding proposed that TNF-α may induce acute mechanical sensitization of peripheral nociceptors by acting on TNF receptor 1 [31] . In the mouse ACC, the protein level of TNF-α was significantly increased following hind-paw administration of complete freund's adjuvant [32] . Together with this finding, the glutamatergic synaptic transmission was significantly enhanced by TNF-α in the ACC synapses. These data suggest that that presynaptic changes caused by peripheral nerve inflammation are partly brought about by the increased TNF-α in the ACC synapses.
Chemokines that belong to proinflammatory cytokines play essential roles in cell growth, immune system, cell development and inflammation. The two chemokine superfamilies, the CC and the CXC chemokines, are thought to be important for these functions [33] . Five receptors for CXC chemokines and eight receptors for CC chemokines have been characterized [34] . Among CXC chemokines, interleukin-8 (IL-8), known as CXCL8, is a critical proinflammatory CXC chemokine that is associated with the neutrophil recruitment and degranulation in inflammatory response [35] . In response to inflammatory responses within the central nervous system, IL-8 is produced by activated microglia and astrocytes [36] and may affect excitability of neurons through modulating intercellular interaction between glial cells and neurons. It has been demonstrated that the expression level of IL-8 was increased in the ACC synapses of mice with persistent inflammatory pain, and the glutamatergic synaptic transmission was enhanced in the ACC synapses [37] . These results indicate that up-regulation of IL-8 in the ACC synapses contributes to the enhanced excitatory synaptic transmission in mice with chronic inflammatory pain.
Synaptic proteins
Neurotransmitters are released from presynaptic nerve terminals by exocytosis of the synaptic vesicles. During this event, many synaptic proteins interact with cytosol and plasma membrane proteins [38] . Cumulative evidence has shown that synaptic proteins such as synaptobrevin, synaptogyrin, synaptophysin, . Increases in synaptic vesicle proteins including synapsin, synaptophysin and synaptotagmin contribute to the enhanced synaptic potentiation in the hippocampal neurons [42, 43] . Furthermore, in the spinal cord of chronic neuropathic pain rat models, the number of presynaptic boutons that are synaptophysin-immunoreactive was significantly increased [44] . In synaptosomal fractions obtained from the medial prefrontal cortex of neuropathic pain rat models, expression levels of presynaptic proteins (including synaptotagmin, synaptophysin, syntaxin, synaptobrevin and SNAP-25) were significantly enhanced, compared to those obtained from sham rats [45] . In addition, the electron microscopy revealed that synaptic vesicles in the synaptosomes were significantly increased in the medial prefrontal cortex of neuropathic pain rat models [45] . These observations suggest that the enhancement of both the number and availability of synaptic vesicles play critical roles in the enhancement of excitatory synaptic transmission in the medial prefrontal cortex of neuropathic pain rat models. SOS3-interacting protein 3 (SIP3), which is known as a SNAP25-interacting protein 30, was first identified in the hair cells of guinea pig cochlea [46] . This novel protein is composed of 266 amino acids is one of the soluble N-ethylmaleimide-sensitive factor attachment protein receptors and plays essential roles for regulated exocytosis of synaptic vesicles in neurotransmission [47] . SIP30 is highly expressed in various brain regions including the cortex [46] . SIP30 was previously shown to be associated with the modulation of pain. For example, the increase in the expression of SIP30 in the spinal cord of chronic constriction injury rats was involved in the formation and maintenance of neuropathic pain [48] . In addition, the same group revealed that chronic constriction injury induced an increase of SIP30 in both sides of the ACC together with the behavioral hypersensitivity [49] . Interestingly, they showed that knockdown of SIP30 by lentiviral vectormediated short hairpin RNA in the ACC significantly suppressed not only the behavioral hypersensitivity but also the glutamate release within the ACC. These results suggest that SIP30 is critical for the increased excitatory synaptic transmission in the ACC.
Presynaptic changes in ACC synapses of animals with disease-related pain

Diabetes mellitus
Diabetes mellitus is known as one of metabolic diseases and is caused by deficiency or diminished effectiveness of endogenous insulin. The high blood sugar levels resulting from the reduced insulin produces several symptoms such as increased hunger, frequent urination and increased thirst. If left untreated, diabetes mellitus causes many acute and chronic complications [50] . Peripheral neuropathy is the most common and debilitating complication of diabetic patients [51] . Thus, a number of studies revealed that diabetes-related plasticity occurs in the spinal nociceptive neurons [52] [53] [54] . In addition to the spinal cord, diabetes mellitus causes plasticity in the supraspinal brain regions pertinent to the processing of pain information [55, 56] . In the ACC of the streptozotocin-induced diabetic rats, there was a significant reduction in paired-pulse facilitation compared to the control mice [56] , suggesting that an enhanced presynaptic glutamatergic synaptic transmission occurs in the ACC neurons of the diabetic mice. Therefore, it is strongly suggested that presynaptic changes in the ACC are critically involved in the diabetes-induced pain.
Hypothyroidism
Two thyroid hormones, triiodothyronine (T3) and thyroxine (T4), are primarily responsible for regulation of metabolism and play essential roles in the development and activity of the central nervous system [57] . The thyroid status of neonates and children has a significant long-term impact on locomotor activity and cognition [57] . Indeed, congenital hypothyroidism, which is characterized by deficiencies in thyroid hormone production in newborn infants, causes mental retardation in children [58] . In addition, adult-onset hypothyroidism which is caused by insufficiency of thyroid hormones in the adulthood decreases cognitive functions [59] . The interaction between pain and thyroid hormones has been progressively elucidated [60] . In athyreotic patients, the pain sensitivity was associated with the thyroid status [61] . It has also been reported 48 that an adequate supply of thyroid hormones from mother rats is necessary to acquire a normal nociceptive function in the offspring into adulthood [62] . Using experimental hypothyroidism mice that were treated with potassium perchlorate and methimazole in the drinking water, it was investigated whether and how synaptic transmission and pain perception in the ACC are modulated by thyroid hormones [63] . In hypothyroid mice, the thermal pain thresholds were decreased. Furthermore, whole-cell patch-clamp recordings showed that the frequency of miniature excitatory postsynaptic currents was increased while that of miniature inhibitory postsynaptic currents was decreased in ACC neurons. Treatment with thyroid hormones (T3 or T4) markedly reduced hypersensitivity to noxious stimuli and reversed the synaptic alterations. Therefore, it is likely that the hypersensitivity to noxious heat observed in the hypothyroid mice is caused by presynaptic changes in the ACC synapses.
Pre-LTP in ACC synapses and its molecular mechanisms
In ACC synapses of adult mice, pre-LTP can be induced by low-frequency stimulation and is proposed to be involved in pain-triggered anxiety [64, 65] . The pre-LTP in the ACC synapses is reduced in chronic inflammatory and nerve injury model mice [64] . The induction of pre-LTP in the ACC is dependent on GluK1 containing kainate receptors, calcium-stimulated AC1 and extracellular signal-regulated kinase (ERK), but is independent of NMDA receptors, metabotropic glutamate receptors and protein kinase M zeta [64] [65] [66] . Activation of AC1 increases cAMP, which binds to hyperpolarization-activated cyclic nucleotide-gated channels to enhance its sensitivity. Also, AC1 activates PKA to enhance the release of glutamate, presumably through activation of ERK. Recently, it was found that SCRAPPER which is an E3 ubiquitin ligase expressed in presynaptic terminals is required for ACC pre-LTP [67] . The pre-LTP in the ACC synapses may be necessary for the activation of both presynaptic molecules (e.g., RIM1) and the ubiquitin-proteasome system including SCRAPPER protein [67] . Provided that cortical pre-LTP is involved in pain-triggered anxiety and fear, these molecules are potential molecular targets for relief from pain-triggered anxiety and fear. The molecular mechanisms involved in pre-LTP are summarized in Figure 2 . 
CONCLUSION
Peripheral nerve injuries and peripheral inflammation can cause extensive changes in pain processing in the central nervous system. Many in vitro and in vivo studies have proved compelling evidence that changes in both presynaptic and postsynaptic function are responsible for chronic pain. It is believed that the key presynaptic and postsynaptic events in chronic pain in the central nervous system are synaptic plasticity triggered by peripheral nerve injury and ongoing unusual sensory inputs afterwards. Therefore, understanding of molecular and cellular mechanisms underlying the pain-induced synaptic plasticity will provide new therapeutic targets for treating persistent pain in patients. At present, little is understood about molecular mechanisms underlying presynaptic changes in chronic pain state, compared to those underlying postsynaptic changes. Thus, it is necessary to further elucidate the cellular and molecular mechanisms underlying presynaptic changes in the ACC of chronic pain mice. Treatment of chronic pain is difficult because current available drugs for chronic pain induce unwanted side effects or supply insufficient analgesia. Thus, studies focusing on the molecular mechanisms of presynaptic changes in the ACC of chronic pain mice could lead to the development of effective novel analgesics on treating chronic pain. Although it has been reported that pre-LTP in the ACC synapses is involved in pain-triggered anxiety and fear [64, 65] , the molecular and cellular mechanisms for the pre-LTP are not well understood. Understanding of these mechanisms for pre-LTP in the ACC synapses will help to develop new therapeutic strategies for paintriggered anxiety and fear.
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